Abstract
Introduction
Besides to Retain the advantages of C/C, C/C-SiC composites have showed many excellent properties such as high and stable friction coefficient, long lifetime, low wear rate, lower sensibility to humidity, and high oxidation resistance at high temperature (over 1000 ) [1 ℃ -4] . Among those, the frictional properties and wear behaviour of C/C-SiC composites have received widely attention in past decades [5] [6] [7] [8] [9] .
It has been reported that the adhesive, abrasive, fatigue and chemical (or oxidated) wears are the most common mechanisms occurred during friction process of C/C-SiC composites [10] [11] [12] . For abrasive wear, "Ploughing Effect", is a widely observed tribological phenomenon of C/C-SiC composites fabricated by using Reaction Melting Infiltration (RMI) method [13] [14] . This is due to the existence of hard asperities which are imbedded into contact surface by braking pressure. These hard asperities can move along the surface to leave deep and wide grooves through sliding by shearing force. Therefore, the appearance of "Ploughing Effect" increases friction coefficient and wear rate. However, the "Ploughing Effect" is determined by superficial hardness. Once superficial hardness of friction surface is either too high or low, there will be no "Ploughing effect".
The objective of this work is two fold: one is to study the frictional properties of C/C-SiC composite prepared by using Isothermal Chemical Vapour Infiltration method (ICVI); another to determine the effect of high superficial hardness on the abrasive wear.
Experimental procedures

Preparation of sample
Needle-integrated felts of density about 0.54 g·cm-3 were used as preforms. Commercial available PAN-based carbon fibre (T300, 12K, Toray, Japan) was used as matrix. The felts were prepared by 2.5-dimensional needling technique [2] . The C/C-SiC composites were prepared by two steps. The first one is CVI process to make porous C/C composites at 1000 for 200 h where propylene was used as ℃ precursor with nitrogen as carrier and diluting gas. The density of the porous C/C composites was about 0.8 g·cm-3and graphitized at 2400 for 2 hours. The second step is ICVI process to prepare the ℃ C/C-SiC composites. Methyltrichlorosilane (CH3SiCl3, MTS) was used as precursor together with bubbling hydrogen gas (H2, flow rate of 80 ml·min-1) feeding into reaction chamber to produce SiC layers at 950 and 200~300 Pa for 400h. The reaction rate for producing SiC lay ℃ er was controlled by 
Open porosity and composition
Open porosity of testing samples was measured using the Archimedes displacement method. Content of SiC, carbon fiber, and pyrolytic carbon in matrix were calculated as:
WSiC=(ρfinal-ρg)/ρfinal (1) WPyC=(ρg-ρP)/ρg (2) WCf =1-WPyC-WSiC (3) Where WSiC is weight percentage of SiC, WPyC weight percentage of pyrolytic carbon, WCf weight percentage of carbon fiber, ρfinal final density of C/C-SiC composites, ρg density of porous C/C composites after graphitization, ρP density of preform.
Superficial mechanical properties
C/C-SiC composites were submitted to indentation test to determine the superficial mechanical properties of SiC layer. The tests were performed on polished surfaces using nano-indentation test device (Ultra Nano Hardness Tester, CSM, Switzerland). Berkovitch diamond tip was chosen as the indenter. The surface damages (prints) were observed by optical microscope. The tests were repeated for five times at different areas of surface in order to evaluate the non-homogeneity of SiC layer. The tests were realized in dynamic mode (diamond tip oscillation frequency of 45 Hz) at imposed loading (200 mN) and fixed penetration speed (10 μm·s-1). The elastic modulus (E) and the hardness (HV) were deduced from the load-depth curves.
Friction and wear properties
The friction and wear properties of C/C-SiC composites were tested on homemade disk-on-disk type laboratory scale dynamometer. Kinetic energy absorbed by braking was supplied by inertia wheels, which were driven by DC motor. The testing pieces are ring specimens with thickness of 14 mm and inner diameter of 53 mm and outer diameter of 76 mm. The rings acted as both rotor and stator. Once the inertial wheel rotated together with rotor specimen simultaneously being accelerated to certain rotational velocity, braking was applied through friction between the rotor and stator under pressure. The moment of inertia, rotating velocity and brake pressure were set to be 0.1 kg·m2, 25 m·s-1 and 1 MPa, respectively. The tests for each pair of brakes were repeated for 10 times under the same condition. The average friction coefficient μcp during each test was automatically recorded. Stability factor of coefficient of friction S during each test can be described as Eq. (4):
Observation and analysis
Both microstructure of samples and morphology of wear debris were examined by SEM (JSM-6360LV, JEOL, Japan). After friction testing, wear surface was investigated using optical microscope (KH-7700, HIROX, Japan). Diffraction patterns of samples were recorded using XRD (D/max 2550, Rigaku, Japan) with Cu Kα radiation at 35 kV and 20 mA.
Results and discussion
Superficial mechanical properties
The micro superficial hardness of SiC layers in sample has been listed in Table 1 . Typical load-unload curve and micrograph of prints showed in Fig. 1 . Although residual prints presented crack at corners (see Fig. 1 ), which is characteristic of brittle materials, SiC layer exhibited extremely high superficial hardness (average value of HV is 3659±37). Meanwhile, elastic modulus and homogeneity Grinding Effect of C/C-SiC Composites Prepared by Isothermal Chemical Vapour Infiltration during Braking Process Qilong Shi, Peng Xiao, Feng Zheng are relatively good. It has been reported that superficial hardness of SiC layer fabricated by using CVI method is about 1.5 times higher than that fabricated by using RMI method [1] . High hardness and homogenous of SiC layer have increased superficial mechanical properties of sample. However, it is not enough to provide high superficial hardness of matrix. Coverage or distribution of SiC layer in matrix should play another important role.
Phases and microstructure analysis
The composition and open porosity of tested sample are listed in Table 2 . XRD phase analysis result is shown in Fig 2. Refer to Table 2 Fig . 3 shows typical microstructures of samples. In region of less dense carbon fibers, they are wrapped by pyrolytic carbon layer and then surrounded by SiC layer (light grey region) as showed in Fig. 3(a) . Most of SiC layers in this region were thicker than 15 μm (see Fig. 3(b) ). Furthermore, SiC was observed not only in this region, but also in region rich of carbon fibers, as shown in Fig. 4 (c) and (d). There are many micro-pores with sizes of 1-7 µm among pyrolytic carbon layers or carbon fibres, and many of them have been filled by SiC. This implied that the distribution of SiC layer in matrix was relatively uniform. Therefore, high superficial hardness of matrix could be guaranteed, which influence the friction properties and wear behavior of C/C-SiC composites.
Figure 3. Optical Micrographs of C/C-SiC Composites Materials
As mentioned above, SiC layer fabricated by using CVI method has higher superficial hardness [1] . It is mainly due to different structure and morphology of SiC layer by different method, as shown in Fig. 4 . There were many particles on surface of SiC layer in both kind of matrix (see Fig 4(a) and (c) [16] ). However, SiC particles formed during ICVI method are smaller than 5µm with a cauliflower surface (see Fig 5(b) ). In contrary, those particles in matrix fabricated by using RMI method shows the facetted surface, which are bigger than 10 µm, see Fig. 4 (d) [16] .
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Figure 4. SEM Micrographs of SiC Particles in Matrix
This is mainly due to the different formation mechanism of SiC layer during different preparing process. During CVI process, gas precursor was infiltrated into matrix and rapidly pyrolyzed to generate original SiC layer. After that, later SiC particles would deposit on it, which resulting into thicken of SiC layer. Therefore, SiC layer formed during the ICVI process was compact and continuous, and high hardness of it has been achieved. In contrary, during RMI process, liquid silicon was infiltrated into C/C preform by the surface tension. Then, melting silicon reacted with pyrolytic carbon to form silicon carbide layers. After the original SiC layer has been formed, growth of SiC layer would be controlled by diffusion of Si atom [17] . Consequently, SiC layer became relatively coarse and discrete. Table 3 summarizes friction testing results of sample fabricated by CVI method. Moreover, for comparison, the typical frictional properties of a kind of C/C-SiC composites fabricated by using RMI method, which was tested under same conditions, have been listed in Table. 3, too [15] . In addition, composition, open porosity and density of it have been listed in the Table 4 [15] . CVI C/C-SiC composites and RMI C/C-SiC composites represent the C/C-SiC composites in present research and former research, respectively (the same as following). From Table 3 , CVI C/C-SiC composites have worse frictional properties. Average friction coefficient of it was only 0.160, braking time was as long as 14.14s, and coefficient stability was 0.56. However, weight wear ratio of it was as 1/10 as that of RMI C/C-SiC composite, which was less than 1.25 mg·time-1. Grinding Friction coefficient curve is the most directly reflection of frictional behaviour of material. Then, typical coefficient friction curves of them as a function of braking time are shown in Fig 5. Although "pre-peak" and "tail-peak" has been observed in both kinds of curve, the maximum value in curve of CVI C/C-SiC composites was not "tail-peak", but "pre-peak", which opposite with curve of RMI C/C-SiC composites. And more impotently, "tail-peak" in curve of CVI C/C-SiC composites was much slighter. It is believed that appearance of tail peak enhanced the adhesion and abrasion of the contact conjunctions and asperities, producing higher mechanical deformation resistance and sliding resistance [12] . Therefore, different of "tail peak" in friction coefficient curve implied that wear behaviour of two kinds composites was completely different, which could be confirmed by observing morphology of friction surface. Typical macroscopic graphs of friction surface were shown in Fig 6. And, Fig 7 show the further details of friction surface after braking test. Abrasive wear has been observed on both friction surface, but morphology of them was completely different. For RMI C/C-SiC composites, continuous friction film has been formed on friction surface, and roughness of friction surface was relatively high (Fig. 6  (c) ). Meanwhile, a lot of grooves with wide and deep size have been left behind on friction film (see Fig. 7 (b) ). All of those were the most significant characters of "Ploughing Effect". By contrast, with non-brittle luster on friction surface, fibre bundles can be observed clearly at CVI C/C-SiC composites (Fig 6 (a) and (b) ), whereas friction film is hardly observable (see Fig 7 (a) ). Furthermore, considerable small and thin grooves were observed on friction surfaces, which were mostly found on surface of matrix. Therefore, it is suggested that wear behaviour of ICVI C/C-SiC composites were completely different with "Ploughing Effect". Moreover, size of grooves on surface of ICVI C/C-SiC composites indicated that wear debris should be small and uniform. SEM micrograph of wear debris from ICVI C/C-SiC composites after braking testing is shown in Fig 8. It can be seen that film-type debris were hardly observed, and most of wear debris were particulate-type with a size smaller than 2 μm and an irregular shape, which matched with tiny grooves on friction surface. 
Friction properties and wear behaviour
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Grinding effect
As mentioned above, wear behaviour of CVI C/C-SiC composites were completely different with "Ploughing Effect". However, these characters were surprisingly similar with surface condition of it after being grinded by using 2000-grit abrasive paper, as shown in Fig 9. Therefore, this wear effect, which has been observed in present research, was taken as "Grinding Effect".
The "Grinding Effect" is a kind of abrasive wear. As we all known, hard asperities hardly pierce into friction surface due to high superficial hardness of matrix. After being levelled off, those hard particulate-like wear debris were trapped by gaps and macro-pores, and then they were forced to scrape contact area along the rotating direction under braking pressure. It seems like that friction surface was polished by a finer abrasive paper repeatedly. Thus, roughness of friction surface has been decreased. And, lower surface roughness will limit the adhesion and abrasion of contact conjunctions and asperities, which produce higher mechanical deformation resistance and sliding resistance during braking process. Consequently, inferior frictional properties and low wear rate have been achieved. 
Conclusion
The 2.5-dimensional carbon fibre reinforced carbon-silicon carbide composites were prepared by Isothermal Chemical Vapour Infiltration (ICVI) process. The density of C/C-SiC composite was 1.91g/cm3.
The "Grinding Effect" has been presented, which was based on abrasive wear. It was mainly due to compact and continuous SiC layer in matrix, as well as high superficial hardness of matrix. The typical characters of it were low roughness of friction surface and large number of tiny grooves on friction surface.
The "Grinding Effect" decreased roughness of friction surface, and then it could not to improve frictional properties, but decrease frictional properties.
